INTRODUCTION
One of the most confounding complications in fundamental studies in electrochemistry. using single crystals is that the equilibrium structure of the clean surface is not necessarily a regular termination of the bulk, i.e. it is reconstructed. Au is the most extreme example of this phenomenon, where all the low index surfaces, even the (111) surface, are reconstructed [1, 2] . The clean surface of Au(lOO) has a now well-known reconstructed surface that was first characterized by Fedak and Gjostein as (5 x 20) [3, 4] . The (100) faces of Ir, Pt and Au all exhibit reconstructed LEED patterns in UHV which have the nominal designation "(5 x 20)".
In recent refined analysis by Van Hove et. al. [5] , there are subtle differences in the diffraction patterns between these metals, and even between the patterns observed with the same metal.
In the case of Au(100), Van Hove et. al. suggest the definitive reconstructed surface is c (26 x 28) not (5 x 20) , but the basic real space structures are not very different, i.e. a hexagonal overlayer on a square sublattice [3, 4] . Therefore, for our purposes here, and for convenience, we shall use the designation (5 x 20) in referring to the reconstructed surface of Au(100) throughout this paper.
The stability of the Au(100) -(5 x 20) surface in electrolyte has been studied extensively by Kolb and co-workers [6] [7] [8] [9] using a combined UHV-electrochemical system and LEED analysis of emersed electrodes. They have also published capacitance curves [6] [7] [8] which show dramatic changes in the shape of these curves when the reconstruction is lifted, and reported a ca. -0.2 V shift in the pzc between (100) -(5 x 20) and (100) -(1 x 1) surface. Kolb and Schneider [6, 7] reported that the (5 x 20) reconstruction is stable in 0.01 M HCI04 up to a potential ca. 0.2 V above the pzc, but in acids with specifically adsorbing anions (HS04-, CI-) the (5 x 20) ~ (1 x 1) transformation is shifted negatively by 0.2 -0.4 V, depending on the anion and the concentration. They concluded that specific adsorption of the anion, even in 2 perchloric acid, was the mechanism for lifting the reconstruction. They also reported that the (5 x 20) structure can be restored from a (1 x 1) by negative polarization, e.g. -0.5 V vs. the pzc. Recently, Ocko et.al. [10] reported an in-situ x-ray diffraction analysis of the structure of Au(100) surface in 0.01 M HCI04 as a function of potential, results that were completely consistent with the ex-situ LEED results by Kolb and Schneider [6, 7] , including the potential induced (1 x 1) -7(5 x 20) transformation. These studies provide very convincing evidence that the (5 x 20) : ( I x I) transformations are quasi-reversible and occur in a potential region that is within ± 0.5 V of the pzc of either surface.
However, there are recent papers that dispute the existence of the (5 x 20) surface in electrolyte, including a paper from the present authors [11] . In a comment that was published [12] adjoining the paper by Kolb and Schneider [8] , Hamelin disputed the electrochemical evidence for a (1 x 1) -7(5 x 20) transformation, reporting capacity curves that varied only slightly with negative polarization. In a recent more extensive paper [13] , Hamelin and co-workers present numerous capacity curves for Au(100) that show no sign of the In this paper, we report a re-examination of the (5 x 20): ( I x I ) phenomena with an emphasis on the electrochemical evidence in terms of capacity curves. Shortly after the 3 publication of our paper in 1987 [11] , we determined that our failure to obselVe the (S x 20)
. surface on any emersed electrode was due to CI adsorption on the emersed electrode during pump down and transfer to the UHV chamber [14] . Our failure to detect CI contamination on our emersed electrodes was due to electron beam-stimulated desorption during Auger analysis [41] . The source of CI was HCl/CI2 desorbing from the stainless steel walls of the transfer chamber during pump down following emersion. The chlorination of the walls was caused by repeated exposure to HF vapor containing a partial pressure ~f HCI of at least 10-4 torr. Rebuilding the transfer chamber with new specially polished components eliminated the HCl/CI2 outgassing during pump down and transfer, and we were able to obselVe the (S x 20) LEED pattern from emersed Au(lOO) electrodes [14] . We report here our new findings on the stability of the (S x 20) reconstruction in electrolyte using ex-situ LEED and the effect of the (5 
EXPERIMENTAL
The UHV-electrochemistry system has been described in detail previously [IS] . The experimental procedures were exactly the same as in our previous paper [11] , with the difference being that the transfer chamber was rebuilt to remove the HCI/CI2 contamination problem discussed above. The UHV system had the additional capability of photoelectron spectroscopy, being equipped with a double-pass CMA (PHI Model 15-25S) and both x-ray (PHI Model) and VUV (PHI Model 1500) sources. Surface cleanliness was monitored by use of x-ray photoelectron spectroscopy (XPS) rather than AES as in our previous paper [11] 4 in order to avoid stimulated desorption of Cl. The detection limit for CI and C on Au by electron spectroscopy is of the order of a few percent of a monolayer [42] . Work functions of surfaces in vacuum were measured from the width of the photo emission band using He I (h v = 21.22 e V) photons with analyzer operated in the constant pass energy mode with a pass energy of 25 e V. The precision of our work function measurements was estimated to be ± 0.05 e V by repeating the measurements with different crystals of the same orientation. The absolute accuracy of work functions determined using photoemission spectroscopy in modem UHV systems is estimated to be + 0.1 eV [43] . Capacitance curves were recorded potentiodynamically using a potentiostat (PAR Model 173 ) and a two-phase lock-in amplifier (Ortec Model 9502). AS mV oscillation at 20 Hz was superimposed on a 5 mV Is voltage sweep and the capacitance calculated from the real and imaginary parts of the current [16] .
The reference electrode used in this apparatus is a -PdH. However, all potentials in this paper 'are reported versus a reversible hydrogen (1 atm.) electrode in the same electrolyte (nbe).
RESULTS
Actual LEED patterns will not be shown here, as we observed only two different patterns, either the (5 x 20) or the (1 x 1), and both patterns have been shown several times by both Kolb and co-workers [6, 9] and by ourselves [11] . We will simply report which of the two, patterns were observed under various conditions of emersion. . then the sweep was reversed back to 0.1 V. As we shall discuss in greater detail below this curve looks qualitatively like the curve reported by several groups [9, 17, 18] for Au(l11), but the "flat-bottom" minimum in the capacity at 0.45 -0.6 V is not seen on Au(111). The curve 5 in Figure 1 was quite stable to repeated cycling between these potentials. Emersion of the _ _ _ _ ~electrode at 0.8 V produced the (5 x 20) LEED pattern. Figure 2 shows the capacity curves for the second sweep after reversal at 0.1 V, with the positive limit raised to 1.0 V. Above 0.8 V, the capacity dropped quite sharply from ca. 60 ~F / cm 2 to about 35 ~F / cm 2 . On reversing the sweep at 1.0 V, the curve for the negative sweep is completely different from that on the positive sweep, and qualitatively resembles that reported by Hamelin [12, 13] for Au(100).
Emersion of the electrode at 1.0 V produced the (1 x 1) LEED pattern. Figure 3 shows the curves for the third cycle in this sequence with the same potential limits as in Figure 2 . These curves were relatively unchanged in 2-3 subsequent cycles between these potential limits. Figure 4 shows the curves when the negative limit was reduced to 0.3 V.
Emersion of the electrode at either potential limit produced a(1 x 1) LEED pattern.
The capacity curves in Figure   6 5. The curve labelled Au(l11) -(1 x 1) was recorded on the second positive sweep after the first sweep lifted the (1 x 23) reconstruction on the UHV prepared surface [9] . For the (111) electrode, the capacity at 0.9 -1.0 Vis about 50 j.lF /cm 2 , whereas the capacity for the (100) electrode is the same potential region (which has the (1 x 1) structure) is about 35 j.lF /cm 2 .
This difference in capacity corresponds approximately to the difference in atomic density between (111) or (100) - (5 x 20) and (100) -(1 x 1) surface structures [3, 4] , i.e. 22%.
Kolb and Schneider also reported capacity curves in 0.01 N H2S04. Our comparable curve for Au(100) is shown in Figure 6 .. As in Figure 1 , the (100) transformation. However, in H2S04, because of specific adsorption of HS04-, this difference in capacitance is not the small factor (25% higher capacitance on (111) -(1 x 1) than (100) -
(1 Xl» that it is in HCI04, representing just the difference in atomic (electron) density. Rather it is a factor of 3 -5 times higher capacity on Au(l11) -(1 x 1) than on Au(100) -(1 x 1) in this potential range. This surprising difference in HS04-adsorption pseudo-capacitance between Au( 111) and Au( 100) was observed previously by Angerstein -Kozlowska et. al. [19] .
Applying their reasoning to the present results, it appears that following the (5 x 20) ~(1 x 1) transition induced by a critical level of HS04-adsorption, HS04-adsorption continues to increase with increasing potential on the (1 x 1) surface, but the character of the adsorption is different (little or no charge transfer) due to the difference in surface symmetry. The critical level of HS04-that lifts·the reconstruction, expressed in terms of charge, can be estimated by integrating the capacity curve (positive sweep) from 0.5 V to 0.7 V, which yields 8 ~CI cm 2 .
The reversibility of the (S x 20) : ( 1 Xl) transformation, especially the ability to reform the (5 x 20) from the (1 Xl) by negative polarization, was found to depend on the pretreatment of the electrode surface. For example, the reversible behavior shown in Figure 4 could not be observed when the cycling in this region of potential continued. Kolb [20] has attributed this to progressive roughening of the surface each time the reconstruction is lifted, since the 22% change in atomic density causes islands of the "extra" Au atoms to be formed on the surface. We examined this concept by re-structuring the surface in UHV by evaporation of 2 ML of Au onto the Au(100) -(5 x 20) surface and partially annealing at 3000C Le.
auto-epitaxy of Au on Au. According to the STM study by Lang et. al. [40] , epitaxial growth of Au on Au( 111) proceeds via nucleation of monatomically high clusters ("islands"), and we expected a similar growth mechanism for Au(100). The LEED pattern for our Aul Au(100) structure was consistent with a similar epitaxial island structure, sharp (1 x 1) fundamental spots with "streaks" rather than spots for liS th and 1/20 th order spots. The capacitance curves for this surface in 0.01 M HCI04 are shown in Figure 10 counterparts is thought to be due to the presence of trace amounts of impurity anions, e.g. HS04 -and CI- [22] , remaining on the surface after emersion. The work function measurements are summarized in Table 1 .
DISCUSSION
To our knowledge, this is the first report of the work functions for emersed Au(100) and for a metal surface is directly related to the vacuum work function [23] . One of the expressions frequently used for this relation for a metal M having the crystal plane (hkl) at the metal-solution interface is,
where [OX(hkl)+g~kl(dip)]O'=O represents the potential drop at the M(hkl) -solution interface, arising from a change 0 X in the electronic structure of the metal due to the contact with water and the dipole contribution g ~k I ( dip) for water molecules at the surface, and K is a constant due to the potential drop at the reference electrode -solution interface. Lecoeur et.al. [24] have analyzed the variation of the 0 X and g ~ terms for different Au(hkl) faces, and concluded that so that to a first approximation we would expect (3) As can be seen from the results in Table 1 induces (1 x 1) ~(1 x 2), since the total surface energy is dominated by the contribution of the adsorption energy and the dependence of the adsorption energy on surface structure.
Because the adsorption energy is typically so much larger than the difference in surface energy between the reconstructed and unreconstructed surfaces, the coverage by the adsorbate necessary to produce the surface transformation is typically quite small, especially for the alkali metal induced reconstructions, e.g. 0.05 ML of Cs on Pd(llO) [27] . A similar argument can be applied to the activation energy, i.e. the source of thermal energy necessary to overcome the activation barrier for surface self-diffusion comes from the (exothermic) heat of adsorption.
The same kind of total surface energy calculations can be made for the electrochemical interface. The theory of electrocapillarity relates the change in interfacial tension to the electrode potential [28] . Originally developed for mercury, a liquid metal surface whose interfacial tension could be measured directly, the same concepts and equations can be applied to solid metals [29] . Lin and Beck [30] used a sensitive extensometer to measure the interfacial tension curve for polycrystalline gold. We can use their curves, and apply them to examine the thermodynamic driving force for the (5 where C is the double-layer capacity at very negative potentials, e.g. 171l F /cm 2 . Figure 11 shows the two electrocapillary curves calculated for the (5 x 20) and (1 x 1) surfaces with these assumptions. It is easily seen that in the absence of anion adsorption, the change in interfacial tension produced by potential is too small to compensate for the lower surface energy of the (5 x 20) surface. If we use the experimental values for the effect of CI-adsorption on the surface energy of poly crystalline gold in 0.1 N KCI [30] , assuming that CI-ads<?rption has the same effect on y as a function of (E -Eo. + 1 dyne/em = 10-5 N/cm 13 However, while the interfacial tension curves of Lin and Beck [30] for gold in CI-and HS04 -electrolytes indicate that adsorption of these anions can lower the total surface energy by the amount required to drive the transformation, there is no such data, even for mercury, that indicates that CI04-anion adsorption can do the same. In this regard, there is a concern about adsorption of impurity anions, e.g. CI-and HS04-, present in even the purest HCI04 [22] . The amount of CI-on HS04-adsorption necessary to drive the reconstruction is quite small. This can be seen either by integration of the experimental capacity curves from the pzc to the transition potential, since by definition C = dq/ dV or by differentiation of the semi-theoretical interfacial tension curves, (Fig. 11) . Integration of the capacity curves in Schneider [7] have suggested "OH" adsorption, a precursor state to positive oxide formation.
We offer another possible explanation, and one which is certainly less conventional. It is based on the consideration of surface electron density, and a contribution of surface electron density to the surface energy that is unique to solid metal surfaces (vs.liquid metals like Hg).
The origin of the concept is the known effect of alkali metals in causing a reconstruction of certain fcc (110) metal surfaces that are not normally reconstructed in vacuum, e.g. the (1 x 2)
missing-row reconstruction of Au(110) by less than 0.1 monolayer of K [31] , and in stabilizing the (5 x 20) reconstruction of Pt(lOO) even in the presence of molecular adsorbates that lift the reconstruction [32] . The effects of alkali metals in these phenomena cannot be explained by the simple chemisorption model, such as that of Tomanek and Bennemann [25] . Ho and co-workers [33, 34] have proposed a charge density model to explain the reconstruction of both Ag(110) and Au (110) structure has a lower surface energy than the (1 x 2). Ku and Ho [33] refer to this effect of surface electron density as "s,p compression". We suggest this same principle may account for the potential induced (5 x 20): ( 1 Xl) transformations in electrolyte where neither ion is specifically adsorbed, such as in HCI04.
Our experiment with an intentionally "roughened" Au(lOO) crystal appears to offer a reconciliation between the capacitance curves for Au(100) of Hamelin and co-workers and Kolb and co-workers. For example, the most recent C -V curves of Hamelin and co-workers [13] showed no signs of the dramatic hysteresis between the positive and negative sweeps that we, and Kolb and Schneider, attribute to the (5 x 20) : ( 1 Xl) phenomena. The explanation we offer for this is that the (100) surfaces of Hamelin and co-workers had a high step density, due either to "roughening" from potential cycling or to the method of sample preparation.
The role of steps in suppressing reconstruction can be rationalized in two ways, a simple geometric argument, and an electrostatic argument. The unit cell of the (5 x and want to control the step density and step geometry in regular way [36] . However, the use of Miller index surfaces to accomplish this regular variation depends critically on the formation of the ideal bulk termination structure, a step-terrace configuration with atomically flat terraces of known width connected by monatomically high steps [37] . The surface structure on high Miller index crystals of Pt were studied extensively by Blakely and Somorjai [38] . It is clear that the thermodynamic driving force for reconstruction causes faceti~g to occur on crystals cut a few degrees from the [100] and [110] poles, e.g. the Pt (511) crystal ideally would form the 3(100) -(111) step-terrace structure, but it facets to form reconstructed (5 x 20) facets connected by multiatomic steps [38] . There are no studies known to us of the structure of a Au(hkl) surface with h, k, or I > 3. There is one study of a Au surface with h, k, I > 2, the Au(311) surface by Sotto and Boulliard [39] . This surface was found to form a complex reconstruction in URV, and did not form the ideal step-terrace structure 2 (100) Au ( Same experiment as in Figure 5 with a higher positive limit. For comparison, the curve for a Au(111) surface on the second potential scan in the same electrolyte is shown.
Capacitance curves in 0.01 N HC1 04 for a Au( 100) surface "roughened" in UHV by vapor deposition of Au in (see text).
Theoretical electro capillary curves for Au(100) -(lx1) and (5 X 20) without anion adsorption ( -) and with two different types anion adsorption, ( --) same adsorption energy on both surfaces, ( -. -) p~eferential adsorption on the (IX 1) surface. 
